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Abstract
Alveolar macrophages are essential for clearing bacteria from the alveolar surface and preventing
microbial-induced infections. It is well documented that smokers have an increased incidence of
infections, in particular lung infections. Alveolar macrophages accumulate in smokers’ lungs but
they have a functional immune deficit. In this study, we identify for the first time an autophagy
defect in smokers’ alveolar macrophages. Smokers’ alveolar macrophages accumulate both
autophagosomes and p62, a marker of autophagic flux. The decrease in the process of autophagy
leads to impaired protein aggregate clearance, dysfunctional mitochondria and defective delivery
of bacteria to lysosomes. This study identifies the autophagy pathway as a potential target for
interventions designed to decrease infection rates in smokers and possibly in individuals with high
environmental particulate exposure.

Introduction
Almost all smokers have an accumulation of macrophages in the terminal airways of the
lung. This has been clearly described in bronchoalveolar fluid and on histological lung
samples from smokers (1). Functional abnormalities of these cells, including a defect in
killing of ingested bacteria, have been described (2,3). Smokers’ alveolar macrophages are
characterized by the presence of many vacuoles containing pigmented cargo. The types of
vesicles present in alveolar macrophages from smokers have not been identified, nor is it
known how they accumulate or the mechanism behind the defect in bacterial clearance.

Autophagy is an evolutionarily conserved process that captures and recycles protein
aggregates, portions of the cytosol and cytoplasmic organelles (4). Autophagy dysfunction
has been linked to a wide variety of diseases, including neurodegenerative diseases, cancer,
and heart disease (5,6). Changes in autophagy affect the removal of aged and defective
mitochondria, protein aggregates and internalized pathogens via the lysosome. Phagocytosis
and delivery of pathogens to the lysosome have both been shown to involve the autophagy
process in recent publications (7). This study investigates autophagy changes in smokers’
alveolar macrophages and its functional significance.
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The only studies to evaluate autophagy in smoker’s lungs come from Augustine Choi’s
group. They have found increased autophagosomes in tissue from patients with COPD and
in lung epithelial cells exposed to cigarette smoke extract (8,9). The role of autophagy in
smoking-induced immune dysfunction and alveolar macrophage phenotype has never been
examined. Alveolar macrophages are essential for maintaining the sterility of the lung as
they clear bacteria from the alveolar surface. The inability to clear bacteria increases
susceptibility to pneumonia, and it is well documented that smokers have an increased
incidence of pneumonia (10,11). This study demonstrates significant accumulation of
autophagosomes in smokers’ alveolar macrophages. Despite the increase in autophagosomes
in alveolar macrophages of smokers, a decrease in functional autophagy is present. This
autophagy defect is defined by the accumulation of protein aggregates, damaged
mitochondria and decreased lysosome delivery of bacteria.

Materials and Methods
Materials

Carbon black 50 nM nanoparticles were obtained from Nanostructured & Amorphous
materials Inc (#1211ER). Bafilomycin A from Streptomyces griseus was from Calbiochem
(#196000). JC-1 was obtained from Guava Technologies. Antibodies used in this study were
obtained from a variety of sources. Sumo 2/3 antibody was obtained from Abcam (ab3742).
Phosphorylated AMPKα1 (T172, #2531), ubiquitin (#3936) and LC3b (#2775) antibodies
were obtained from Cell Signaling. Horseradish peroxidase conjugated antibodies anti-rabbit
(sc-2004), anti-mouse (sc-2005) and anti-goat (sc-2020) were all obtained from Santa Cruz
Biotechnology. Beta actin (#A5316) antibody was obtained from Sigma Aldrich. Culture
media used in experiments included serum free RPMI tissue culture media with Glutamax
(Invitrogen, 61870-036) and DMEM (Invitrogen, 11095) with 10% FCS (Hyclone Fetal
Bovine Serum, SH30071).

Plasmids
A plasmid expressing LC3-GFP was obtained from Addgene. The polyQ80-luciferase vector
was obtained from Conrad C. Weihl, Washington University(13). The mCherry-GFP-p62
vector was obtained from Johansen Terje, University of Tromso, Norway.

Isolation of human alveolar macrophages and tissue culture cells
Alveolar macrophages were obtained from normal nonsmoking volunteers or from smokers
(> 10 pack year history (a pack year is defined as 1 pack per day for one year or ~1300
cigarettes)), as previously described(14). Informed consent was obtained from each
volunteer following a detailed explanation of the nature and possible consequences of the
procedure. Both nonsmokers and smokers were free of any underlying disease, aside from
the smokers’ smoking histories. Alveolar macrophages were cultured in RPMI 1640 media
with added gentamycin. In some transfection studies, Raw 246.7 mouse macrophages
(ATCC, TIB-71) were used and cultured following ATCC recommendations (Eagle’s
Minimum Essential Medium with 10% fetal bovine serum).

Preparation of cigarette smoke extract (CSE)
Cigarette smoke extract was prepared as previously described(15,16). CSE solutions were
prepared using a modification of the method of Blue and Janoff (17). 10 mls of sterile serum
free RPMI tissue culture media with Glutamax was drawn into a 50-ml plastic syringe. 40
ml of cigarette smoke was then drawn into the syringe and mixed with the medium by
vigorously shaking them together. The smoke was expelled and the process repeated until
one cigarette was used up. The generated CSE solution was filtered (0.22μm) to remove
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large particles (18,19). The resulting solution was designated a 100% CSE solution and was
used immediately after generation.

Protein isolation and Western analysis
Protein isolation and Western analysis were performed as previously described (20,21).

Transfections
Primary human alveolar macrophages were transfected with LC3-GFP vector and poly Q80-
luciferase vector using Invitrogen’s Neon. Briefly, 0.5 million cells were suspended in 250
ul Resuspension Buffer “T” (Invitrogen). 0.5 to 1 ug per group plasmid was added to the cell
suspension before transfer to a Neon tube. Using the 100 ul Neon tip and the following
parameters, 1900V, 25W, 1 pulse, the cells were electroporated. Following transfer to tissue
culture wells with warmed antibiotic free medium, the cells were incubated for four hours.
After replacing the serum/antibiotic free medium with complete medium, cells were
incubated overnight before CSE addition. Raw 264.7 cells were transfected with polyQ80-
luciferase vectors using Lipofectamine LTX and Plus Reagent (15338-100) according to the
manufacturer’s instructions. Cells were cultured in 12 well plates or in two chamber
coverslip slides. Plasmid (0.5 to 1 ug per condition) was suspended in 200 ul OPTIMEM
with Plus reagent, mixed with the LTX reagent and allowed to incubate at room temperature
for 30 minutes. After a 4 hour incubation of the cells with plasmid, 500 ul of 2× serum
medium was added to the cells before overnight incubation. CSE addition or other culture
manipulations were performed the next day (4-6 hours). Hela cells were transfected with the
mCherry-GFP-p62 vector as described for Raw 264.7 cells.

Autophagosome sizing
To quantitate autophagosome size in alveolar macrophages from nonsmokers and smokers,
TEM images were analyzed for vesicle size. TEM images were obtained through the
middles of cells (verified by nuclear structure. Double-walled vesicles from each individual
(3 nonsmokers and 3 smokers) were analyzed using Image J software. Briefly, circles were
drawn around all double walled vesicles in a cell, identical magnifications were used for all
imaging. Equal vesicle numbers were analyzed for both nonsmokers and smokers. This
meant scanning more cells in the nonsmokers as smokers, as on average they contained less
autophagosomes. Area was calculated for each vesicle and then standard t test analysis
performed.

Long Lived Protein Degradation Assay
The effect of CSE on degradation rates of long-lived proteins was evaluated in human
alveolar macrophages. Macrophages were cultured in 6 well tissue culture plates in leucine
free RPMI with added 14C leucine (0.2 uCi/ml) for 8 hours. Following two PBS washes the
media was changed to a chase medium with added 10 mM leucine to clear short lived
proteins from the radioactive pool. Cells were incubated for 10 hours. The chase medium
was replaced with fresh normal culture media (RPMI 1640 with added gentamycin) and
cells exposed to either Bafilomycin A (positive control, 100 nM) or 2% CSE for 8 hours.
After this third incubation, supernatants were removed and saved and cells were lysed in
Western lysis buffer. Proteins were fractionated by adding 10% trichloroacetic acid (TCA,
w/v) to both supernatant and lysate (1 hour 4° incubation). Precipitated proteins were
isolated with a 10 minute 14,000 rpm spin. The radioactivity of the TCA soluble fraction of
the supernatant (a) and TCA insoluble fraction of the cells (b) were determined via liquid
scintillation counting. The percentage of long-lived proteins degraded in the culture period
was determined using the formula a/a+b × 100. Data was analyzed using nonpaired
Student’s t test.
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ATP assay
ATP levels were monitored using CellTiter-Glo Luminescent Cell Viability Assay from
Promega according to manufacturer’s instructions.

Fluorescent Microscopy
LC3-GFP and mCherry-GFP-p62 imaging was performed. At the end of the experimental
period, cells were rapidly fixed (4% paraformaldehyde) and cover slipped using Vectashield
mounting medium with DAPI (Vector Labs, H-1200). Images were acquired using a Leica
TCS SPE confocal (truepoint-scanning spectral system) microscope with Leica LAS AF
interface. Staining of endogenous LC3 and Lamp2 positive lysosomes was performed on
nonsmoker and smoker alveolar macrophages. Slides were fixed in 4% paraformaldehyde
and permeabilized with 0.3% saponin. Slides were blocked for 1 hour using Pierce
Superblock Blocking Buffer, 37535. After washing, primary antibody (1:100 in Superblock)
was added overnight, followed by secondary anti-rabbit IgG-AlexaFluor 488 (1:1000 in
Superblock). Vectashield with DAPI was applied following the final wash. Images were
obtained using a Leica TCS SPE confocal microscope and analysis was performed using
Leica LAS AF Version 1.8.0.

Transmission electron microscopy
Samples were fixed overnight with 2.5% glutaraldehyde in 0.1 M cacodylate buffer. Post
fixation was carried out for 1 hour at room temperature with a buffered 1% osmium
tetroxide solution reduced with 1.5% potassium ferrocyanide. Samples were en bloc stained
using 2.5% uranyl acetate. Cells were then rinsed and dehydrated. Infiltration of Spurr’s
epoxy resin and acetone were carried out over several days to 100% resin and cured
overnight in a 70°C oven. Sections of 100nm thickness were cut using an Ultracut E
ultramicrotome (Reichert-Jung). Grids were then counterstained with 5% uranyl acetate for
12 minutes and Reynold’s lead citrate for 5 minutes. Samples were imaged using a Hitachi
H-7000 transmission electron microscope.

Cargo delivery assay
Pathogen delivery to the lysosome was evaluated in chamber coverslip slides (Lab Tek) by
exposing macrophages to opsonized amine-modified red fluorescent latex beads or
opsonized AlexaFlour 488-tagged E.coli. at a ratio of 25 to 1. Non-phagocytosed particles
were removed by washing and cells were incubated for a further 60-120 minutes. In some
cases, cells were fixed and then stained for Lamp2 or LC3b. In other cases live cells were
exposed to LysoTracker Red for 30 minutes at 37°C. Images were obtained using a Leica
TCS SPE confocal (truepoint-scanning spectral system) microscope with Leica LAS AF
interface.

Results
Cigarette smoke exposure results in accumulation of autophagic vesicles

When alveolar macrophages from smokers are examined by both electron microscopy
(TEM) and Wright-Giemsa stain, it is clear that smokers’ macrophages contain multiple
dense cytoplasmic vesicles (Figure 1A). In this study, we identify these as autophagosomes
and examine whether basal autophagy function, important for intracellular clearance of
damaged proteins, organelles and intracellular pathogens, is intact.

At a high magnification, the TEM images demonstrate double walled vesicles, especially in
the smoker’s alveolar macrophages, consistent with autophagy vesicles(4) (Figure 1A).
Greater than 70% of the vesicles observed in smokers’ alveolar macrophages possessed
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double membranes. Double walled vesicles were also present in the nonsmoker cells, but at
low levels, consistent with normal function.

Microtubule-associated protein 1 light chain 3 (LC3), the mammalian homologue of the
yeast Atg 8 protein, is a small protein that is conjugated to phosphatidylethanolamine (PE)
during the formation of autophagosomes (22). It is initially synthesized in a pre-form that is
cleaved at the C terminal (LC3-I) end and modified with phosphatidylethanolamine (PE) to
make the mature functional protein (LC3-II). LC3-II is a reliable protein marker for mature
autophagosomes and LC3-II levels correlate with numbers of autophagic vesicles (22,23).

We first asked whether exposure to cigarette smoke extract (CSE) altered LC3 levels in
human alveolar macrophages. Proteins were isolated from CSE-exposed normal alveolar
macrophages and levels of endogenous LC3-II compared with LC3-I. Despite its higher
molecular weight, the mature PE-conjugated form of LC3 (LC3-II) runs faster on Western
gels due to its hydrophobicity and appears as a lower band. The LC3-II levels were
significantly increased by exposure to CSE (Figure 1B). The right side of Figure 1B shows
confocal images of alveolar macrophages transfected with a GFP expressing LC3 transgene.
The transfected cells were cultured overnight and then exposed to freshly prepared CSE for
5 hours. Transfection rates were low in the primary cells but in the cells expressing the
transgene, CSE exposure resulted in accumulation of LC3 positive punctate structures in
alveolar macrophages (Figure 1B). The data demonstrates that in vitro exposure to CSE
increases the number of autophagosomes.

Smokers’ alveolar macrophages have increased numbers of autophagic vesicles
The effect of CSE (an acute smoke exposure model) supported a pro-autophagosome
accumulation effect of cigarette smoke. To analyze the effect of chronic smoke exposure as
occurs in the lungs of smokers, alveolar macrophages were obtained from nonsmokers and
from smokers with a >10 pack per year history. Both smokers and nonsmokers were
volunteers and otherwise healthy. Figure 1C shows LC3-II Western analysis of whole cell
alveolar macrophage proteins from three nonsmokers and three smokers. The blot shows
significantly elevated LC3-II in the smokers’ macrophage lysates. To further examine the
effect of smoking on LC3 levels, alveolar macrophages from a smoker and nonsmoker were
isolated on the same day and LC3 expression analyzed by fixing the cells and staining for
LC3 in both samples at once. There were significantly more LC3 positive vesicles in the
smokers’ alveolar macrophages. The images are representative of four separate experiments.

A visual examination of the autophagosomes in smoker’s alveolar macrophages suggested
an increase in size of the vesicles. To quantify autophagosome size, double walled vesicles
in transmission electron microscopy (TEM) images were examined for vesicle area. Figure
1D shows a signficant increase in area in vesicles in smokers compared to nonsmokers. As a
composite, the data in Figure 1 shows an accumulation and increase in size of
autophagosomes with both acute and chronic exposure to cigarette smoke. The next
experiments examine the hypothesis that the accumulation of autophagosomes in smoker’s
alveolar macrophages is the result of a block in autophagic flux rather than increased
functioning of the autophagosome generation machinery.

Cigarette smoke exposure blocks normal trafficking of the autophagosome to the
lysosome

We examined autophagy flux in a number of ways. We first tested whether inhibition of
autophagosome fusion with lysosomes altered LC3-II levels in alveolar macrophages. If
inhibiting fusion of autophagosomes with lysosomes doesn’t increase LC3-II levels in
smokers this would suggest that there is already a block in lysosomal fusion in the cells.
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Figure 2A shows that bafilomycin A (a vacuolar H(+)-ATPase inhibitor that blocks fusion of
autophagosomes with lysosomes) causes an accumulation of LC3-II in alveolar
macrophages from nonsmokers. In smokers, with their already high LC3-II levels,
bafilomycin A had no effect. The bafilomycin data shows that in smokers’ cells, fusion is
already blocked and agents that might have an effect on autophagosome/lysosome fusion
can have no further effect. Leupeptin will inhibit lysosomal enzymes. In Figure 2A, alveolar
macrophages were exposed to leupeptin with and without CSE. The LC3-II Western shows
that CSE causes an accumulation of LC3-II that is not significantly changed by the presence
of the protease inhibitor, leupeptin.

One measure of autophagic flux is the clearance of long lived proteins (24,25). To evaluate
the effect of CSE on protein clearance, alveolar macrophages were labelled with 14C-
leucine. Short lived radioactive proteins were cleared by incubation with 10 mM cold
leucine and then cells exposed to CSE or the lysosomal inhibitor bafilomycin A. The
percentage of long-lived proteins degraded in the culture period was determined. Figure 2B
shows that exposure to CSE decreases clearance of long lived proteins, supporting a defect
in trafficking of autophagosomes to the lysosome.

To examine autophagic flux in another manner, expression of p62 (also known as A170 or
SQSTM1), an adaptor protein involved in delivery of ubiquitin bound cargo to the
autophagosome (26-29) was examined. If p62 levels are increased this also would suggest a
block in delivery of autophagosome cargo to the lysosome. The p62 protein (also known as
SQSTM1) is a multi-functional adaptor protein with described roles in the immune system
and basic cellular processes (30). The protein has a number of functional domains including
a ubiquitin binding domain (UBA), an LC3 binding domain (LIR), a zinc-finger domain and
a Phox domain (PB1) that mediates p62 oligomerization (28,31). In a normal cell, p62 binds
proteins with ubiquitin chains and delivers them to the autophagosome. In the process, p62
itself enters the organelle and is delivered to the lysosome with its cargo (30,32). If
autophagosome/lysosome fusion is inhibited, p62 levels will increase. Figure 3A shows that
CSE exposure causes an accumulation of high molecular weight (hmw) p62 aggregates.
Confirming that the accumulation of hmw p62 aggregates is a function of an autophagic flux
defect and not proteasome function, we exposed alveolar macrophages to the proteasome
inhibitor, lactacystin. CSE caused an accumulation of hmw p62 and lactacystin had no
effect.

To analyze the effect of chronic smoke exposure on p62 levels in the lungs of smokers,
alveolar macrophages were obtained from nonsmokers and from smokers with a >10 pack-
year history of smoking. Figure 3B shows that in smokers’ macrophages, there is a
significant accumulation of hmw p62 species that were not present in the lysates from
nonsmokers’ macrophages.

We used a mCherry-GFP-p62 construct obtained from Terje Johansen, University of
Tromso, Norway, to examine delivery of p62 to the lysosome. Because GFP is more
unstable in cellular compartments with pH<6.0, a decrease in the mCherry:GFP ratio
indicates decreased autophagy flux (32). We transfected Hela cells with mCherry-GFP-p62
to test the effect of CSE on p62 accumulation. Using confocal analysis, control cells showed
both yellow (green and red colocalization) and red vesicles (Figure 3C). In contrast, with
CSE exposure, there was significant yellow puncta with very little isolated red staining.
Using image analysis software, total fluorescent units were analyzed on a per cell basis. The
graph shows that with CSE exposure, the ratio of mCherry:GFP decreased, consistent with a
loss of delivery of p62 to the lysosome.
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Having found both accumulation of autophagosomes and decreased trafficking to the
lysosome in smokers’ alveolar macrophages, we next examined systems that might be
impacted by a loss of the autophagy process. Three different potential outcomes were
studied: (1) clearance of protein aggregates, (2) mitochondrial function, and (3) delivery of
bacteria or ingested cargo to lysosomes.

Cigarette smoke exposure causes an accumulation of protein aggregates
To examine accumulation of protein aggregates, we used a quantifiable luciferase reporter
assay designed by Conrad Weihl (13) that measures autophagy-dependent clearance of long
lived polyglutamine protein aggregates. The murine macrophage line, RAW264.7 and
human alveolar macrophages were transfected with polyQ80-luciferase, allowed to rest for
24 hours, and then exposed to 2% CSE for 6 hours. Aggregate clearance was quantified as
luciferase levels in CSE exposed cells compared to controls. Figure 4 demonstrates a
significant decrease in aggregate clearance when polyQ80-luciferase transfected cells were
exposed to CSE in all three cell types. To complement these in vitro acute exposure
experiments, we analyzed accumulation of endogenous ubiquitin and sumo-conjugated
protein aggregates.

Cigarette smoke exposure causes an accumulation of high molecular weight (hmw)
aggregates of ubiquitin and sumo modified proteins

Aggregate clearance in alveolar macrophages was also studied by examining accumulation
of hmw ubiquitin conjugates. As originally described, ubiquitin modification of proteins is
linked to degradation by the proteasome. More recently, ubiquitin modification has also
been linked to clearance by the autophagy/lysosomal pathway (30). Clearance of
monoubiquitinated proteins, ubiquitin-conjugated misfolded and aggregated proteins as well
as signal related K63 ubiquitin chains have been linked to autophagy (33-36). Figure 5A
illustrates analysis of alveolar macrophages from nonsmokers exposed to increasing doses of
CSE for 5 hours. The blot demonstrates a dose-dependent increase in hmw ubiquitin-bound
proteins. We examined the role of the proteasome by incubating cells with the proteasome
inhibitor, lactacystin. Proteasome inhibition also causes a buildup of ubiquitin conjugates,
consistent with the important role of the proteasome in clearing ubiquitinated proteins.
However, in the CSE-exposed cells, more of the ubiquitin staining bands are at the very top
of the gel, suggesting that CSE ubiquitin accumulation is not necessarily a function of
changes in proteasome function.

Because it was hard to distinguish the proteasome effects from the autophagy/lysosome
effects, we also analyzed sumo-conjugated hmw complexes (37-39). Sumo is a ubiquitin-
like protein that also binds lysines via an isopeptide bond and does not target substrates to
the proteasome (40). There are three sumo isoforms, 1, 2 and 3. Sumo 1 binds to substrate
lysines as a monomer. Sumo 2 and 3, like ubiquitin, can make long sumo chains. We used
an antibody specific for Sumo 2/3 to determine if cigarette smoke exposure altered clearance
of sumo-conjugated substrates. Figure 5B shows an accumulation of sumo positive
aggregates in CSE exposed alveolar macrophages. In contrast to the ubiquitin conjugated
proteins, lactacystin had very little effect on sumo-conjugate accumulation. As an aggregate,
this data suggests that cigarette smoke exposure caused an accumulation of hmw aggregates
that should normally be cleared by the autophagy/lysosome system.

To examine the in vivo effect of cigarette smoking on the accumulation of hmw ubiquitin-
bound and sumo-bound proteins, we analyzed baseline lysates from nonsmokers’ alveolar
macrophages and smokers’ alveolar macrophages for ubiquitin-linked proteins and sumo-
linked proteins. Figure 5C shows a significant increase in the amount of hmw ubiquitin
bound proteins in the smokers’ macrophages. The smoking histories of the three individuals
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consisted of 10, 20 and 45 pack years. To examine hmw sumo aggregates, lysates from
nonsmokers and smokers (pack years of 24, 13 and 34 years) were examined by Western
analysis for sumo 2/3. Figure 5D shows an accumulation of hmw species in cell lysates from
smokers. As a composite, the data in Figure 5 demonstrates that in vivo cigarette smoke
exposure causes an accumulation of protein aggregates and blocks the normal cycling of
ubiquitin or sumo 2/3 conjugated proteins. This is consistent with a loss of autophagy
function.

Cigarette smoke exposure disrupts normal mitochondrial architecture and function
Autophagy is the only known mechanism for turning over large organelles such as
mitochondria (41). In the case of mitochondrial turnover by the autophagosome system, the
process is known as mitophagy. It is required for mitochondrial homeostasis (42). If the
process of autophagy in smokers’ macrophages is nonfunctional, then mitochondrial
dysfunction is possible sequelae. We first examined mitochondrial membrane potential
(mitΔΨ) in CSE-exposed alveolar macrophages. Mitochondrial membrane potential is
determined by the electrochemical gradient across the inner mitochondrial membrane and
the fluorescent cationic dye, JC-1, monitors mitΔΨ. Figure 6A shows normal alveolar
macrophages exposed to the mitochondrial uncoupler, CCCP, or CSE for 4 hours. JC-1
accumulates in healthy mitochondria as red aggregates. The dye remains in the cytosol in a
green monomeric form with loss of mitΔΨ. Both CSE and CCCP caused a loss of the red
aggregated JC-1 form. We asked if smokers’ alveolar macrophages had damaged
mitochondria in the cytosol. Figure 6B shows TEM images from both smokers’ and
nonsmokers’ alveolar macrophages. The smokers’ cells were characterized by the presence
of damaged mitochondria, which is consistent with an inability to clear old and/or damaged
mitochondria. Arrows identify mitochondrial membrane that appears compromised in the
smokers cells.

Smokers’ and nonsmokers’ alveolar macrophages were tested for mitΔΨ to examine the
long-term effect of cigarette smoke exposure. In order to control for staining differences,
bronchoalveolar lavages were performed on both smokers and nonsmokers on the same day.
Cells from both subjects were loaded onto two chamber coverslip slides and stained with
JC-1. Figure 6C shows red mitochondrial staining in the nonsmoker alveolar macrophage
and green staining indicative of loss of mitΔΨ in the smoker’s cell. Random cells from each
of three smokers and nonsmokers were analyzed for red fluorescent levels. The data shows a
significant loss of mitΔΨ in smokers’ alveolar macrophages.

Cigarette smoke exposure decreases oxidative respiration
We next examined functional consequences of a loss in mitochondrial function. We have
shown previously that the majority of nonsmokers’ alveolar macrophage ATP comes from
the mitochondria (21). We asked if acute exposure to CSE would lead to a loss of ATP. The
graph in Figure 6D shows decreasing ATP levels with increasing doses of CSE. It is
possible (and not inconsistent with the literature) that long term smoke exposure would lead
to reliance on anaerobic glycolysis for smokers’ alveolar macrophage energy generation. We
addressed the question of whether long term smoking led to a shift in ATP production from
oxidative phosphorylation to glycolysis. We exposed smokers’ and nonsmokers’ alveolar
macrophages to CCCP for 4 hours. CCCP is a mitochondrial uncoupler that rapidly
dissipates the proton gradient and stops mitochondrial ATP production. The nonsmoker
alveolar macrophages were much more sensitive to the ATP-depleting effects of CCCP than
were the smoker macrophages (Figure 6E). This is consistent with an increase in anaerobic
glycolysis (mitochondrial independent) ATP production in smokers’ alveolar macrophages.
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We do not propose that loss of mitochondrial ATP production is entirely due to a loss in
autophagic flux. However, lack of clearance of damaged organelles would set up a feedback
loop, preventing mitochondrial recovery (42). To investigate whether blocking autophagic
flux alone would damage mitochondria in alveolar macrophages, we treated normal alveolar
macrophages with bafilomycin A to block autophagosome lysosome fusion. We also added
carbon black nanoparticles (a process that would mimic the accumulation of particulates
from cigarette smoke) that would stress the fusion process by accumulating in
autophagosomes. ATP was used as a measure of mitochondrial injury. Both bafilomycin A
and carbon black 50 nm nanoparticles caused a drop in ATP in nonsmokers’ alveolar
macrophages (Figure 6F), showing that inhibiting autophagosome/lysosome fusion caused
mitochondrial dysfunction. There was no effect of either bafilomycin A or carbon particles
in the smoker macrophages, suggesting a decreased reliance on oxidative phosphorylation in
smoker macrophages. The data in Figure 6 show that both in vitro and in vivo smoke
exposure leads to accumulation of defective mitochondria and results in the subsequent loss
of mitochondrial derived ATP. In addition, we show that in nonsmoker macrophages,
inhibiting fusion of the autophagosome with the lysosome decreases mitochondrial ATP
production.

Cigarette smoke exposure blocks delivery of phagocytosed cargo to lysosomes
Though first described as a process that improves cellular survival in conditions of nutrient
depletion, recent work suggests an important role for autophagy in the immune system
(43,44). Xenophagy refers to the autophagic process that targets intracellular pathogens to
the lysosome via an autophagosome (5,45-47). We first examined the delivery of opsonized
fluorescent latex beads to either the autophagosome or the lysosome in nonsmoker and
smokers’ macrophages. Nonsmoker and smokers’ alveolar macrophages were cultured on
coverslip chamber slides and exposed to a 25:1 solution of opsonized 0.5 micron amine-
modified latex beads for 1 hour. The amine-modified beads are routinely used in
phagocytosis assays and easily opsonized. Non-internalized beads were washed off and the
cells incubated for a further hour before fixing and staining for either autophagosomes
(LC3) or lysosomes (lamp2a). Figure 7A demonstrates the colocalization of the red beads
with green autophagosomes in macrophages from both smokers and nonsmokers. However,
only the nonsmoker cells showed co-localization of beads and lysosomes (Lamp2a staining).

To test the delivery of other types of phagocytosed cargo to the autophagosome, alveolar
macrophages were exposed to opsonized 50nm carbon nanoparticles for 1 hour. The cells
were then fixed and TEM studies performed. Figure 7B shows that in both nonsmoker and
smoker macrophages, carbon black nanoparticles end up in double walled vesicles
characteristic of autophagosomes.

We examined delivery of E. coli particles to lysosomes in nonsmoker versus smoker
macrophages. As in earlier comparison stains, smoker and nonsmoker cells were seeded
onto the same 2 chamber coverslip slide. Alveolar macrophages were exposed to Alexa
Fluor 488 tagged E.coli particles for 1 hour. This was followed by a chase period for the
particles to move to lysosomes. For lysosomal staining, a red Lysotracker dye was added to
live cells or fixed cells were stained for Lamp2. Fluorescent images were obtained. It is
important to note that the smokers’ alveolar macrophages underwent less phagocytosis,
consistent with existing literature. However, the smokers’ cells did phagocytose some
particles, which allowed us to ask whether internalized particles were delivered to the
lysosome. The images in Figure 7C show that the e. coli particles are delivered to the
lysosome in the nonsmoker alveolar macrophages. This was not true in the smoker cells
where green (E. coli) and red lysosomes do not co-localize. These data suggest that the
normal delivery of pathogen cargo to the lysosomes by autophagosomes is disrupted in
smokers’ alveolar macrophages.
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Discussion
This study’s major finding reveals that chronic inhalation of cigarette smoke causes a
profound defect in autophagy/lysosomal function in human alveolar macrophages (Figure
7D). This was evidenced by lack of clearance of aggregated proteins and hmw ubiquitinated
proteins, accumulation of abnormal mitochondria with altered function, and loss of cargo
delivery to lysosomes. The same alterations could be triggered in alveolar macrophages
from nonsmokers acutely exposed to cigarette smoke in vitro. This defect in autophagy/
lysosomal function was not due to fewer autophagosomes since smokers’ macrophages had
significantly more of these vesicles than nonsmokers’ macrophages. The data are consistent
with a loss of autophagic flux, leading to an accumulation of autophagosomes and defects in
autophagy clearance functions.

A relationship between smoking and autophagy has been elegantly described by Augustine
Choi’s group. They found increased autophagosomes in epithelial tissue from patients with
COPD compared to normal tissue (8). This work showed increased expression and
activation of autophagy regulator proteins including LC3B, beclin 1, Atg5 and Atg7. A
similar increase in autophagosomes was found in the lungs of mice subjected to chronic
cigarette smoke inhalation and in lung epithelial lines exposed to cigarette smoke extract
(CSE) (8). The increase in generation of autophagosomes was reversed by overexpressing
the oxidant stress protein, heme oxygenase 1 (9). In another study, they found that CSE
caused an increase in autophagosomes in Beas2b human bronchial epithelial cells (9). The
CSE-induced autophagy defect served a pro-apoptotic function in cigarette smoke-exposed
cells. Both of the studies from Choi and colleagues demonstrate concurrent up-regulation of
both autophagy and apoptosis. Their findings might explain the loss of peripheral lung tissue
and apoptosis that is characteristic of emphysema. Our findings with alveolar macrophages
differ from those of Choi et al in that the work from Choi’s group shows increased
autophagy function, while our study found decreased autophagy function in alveolar
macrophages. It is likely that our observations of decreased autophagy function in
macrophages relate to the increased phagocytic capacity of alveolar macrophages which
makes them differentially susceptible to cigarette smoke exposure. One of the main
functions of alveolar macrophages is phagocytosis of inhaled material including particulates
in cigarette smoke, making their exposure to cigarette smoke quite different from exposure
of airway epithelium. In fact we found that ingestion of carbon black particles by alveolar
macrophages induces a similar defect as cigarette smoke. It is likely that the different effects
on the autophagy process lie in the very different functions of lung epithelium and alveolar
macrophages.

It is interesting to speculate that the increase in autophagy seen by A. Choi’s group is the
same as the increase in autophagy associated with programmed cell death recently reported
as essential for presentation of phoshatidylserine (PS) on the cell surface (48). It is possible
that autophagy in dying epithelial cells contributes to externalization of phosphatidylserine
while a lack of autophagy in alveolar macrophages contributes to a lack of clearance of dead
cell from the alveolar surface. Both of these effects on the process of autophagy could
contribute to smoking-related diseases.

This study demonstrates a significant accumulation of autophagosomes in smokers’ alveolar
macrophages. This was also demonstrated in in vitro models using macrophages from
nonsmokers acutely exposed to CSE. Our data suggests that these structures accumulate
because they are not being turned over via fusion with lysosomes. In this regard, smokers’
macrophages contain a large amount of cigarette smoke particulates that appear to be within
the autophagosomes. Montgomery et. al. showed that loading macrophages with poorly
digestible material resulted in a defect in autophagy/lysosomal function (49). Our data
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supports a defect in the delivery of autophagosomes to the lysosome in smokers’ alveolar
macrophages.

Long term in vivo cigarette smoke exposure led to a buildup of hmw ubiquitin and sumo
complexes in smokers’ alveolar macrophages. We believe this build-up is linked to a block
in the process of autophagy. Recent studies have shown that autophagy, as well as the
proteasome, clear ubiquitin bound substrates (50). Three proteins that bind both ubiquitin
and LC3, p62/SQTSM1, NBR1 and NDP52 have been identified (51). They are thought to
act as chaperones, delivering ubiquitinated proteins to the autophagosome (30,32). In the
present study, cigarette smoke exposure led to an increase in sequestration of p62 in hmw
complexes.

Mitophagy refers to the clearance of damaged mitochondria by autophagy. The importance
of autophagy in clearing damaged mitochondria has been convincingly shown in recent
studies (52-54). The effect of smoking-induced mitochondrial dysfunction in alveolar
macrophages could be due to a global effect on autophagy or could be due to an effect on
one of the adaptor proteins shown recently to target damaged mitochondria to the
autophagosome. In mammalian cells, the cytosolic protein Parkin is selectively recruited to
damaged mitochondria (55). Recruitment of Parkin and the PTEN-induced putative kinase-1
(PINK1) to damaged mitochondria leads to mitophagy and clearance of mitochondria.
Another adaptor protein involved in mitophagy is the protein Nix. Nix forms a complex with
LC3 and GABARAP-L1 that mediates mitochondrial clearance (56). It will be interesting to
see if smoking alters expression or function of either Parkin or Nix. It is clear from our data
that in smokers’ alveolar macrophages, there is a loss of mitochondrial ATP generating
capacity (consistent with mitochondrial dysfunction) and an increase in damaged
mitochondria.

Autophagy has a number of described immune functions including homeostasis of B, T and
other immune cells, activation or dampening of pro-inflammatory processes and clearance
of pathogens that reach the cytosol (45). Xenophagy is the term coined to cover the subset of
autophagy involved in pathogen clearance (43,57). Bacteria that reach the cytosol are
targeted to nascent LC3 containing phagophores by adaptor proteins that have an LC3-
interaction domain (LIR). For example, Listeria lacking ActA that escapes to the cytosol
becomes covered with ubiquitin. It is then recognized by p62 and targeted to the
autophagosome (58). Salmonella that escapes from damaged vacuoles has been shown to
colocalize with polyubiquitin complexes, which are delivered to autophagosome via p62 and
LC3 (59). Much of the early work on xenophagy has been performed by Beth Levine’s
group, including an elegant study in nematodes showing an in vivo role for xenophagy in
Salmonella Typhimurium clearance (46). In our study, E. coli particles that are phagocytosed
by smokers’ alveolar macrophages are not delivered to the lysosome. This data is consistent
with a defect in xenophagy with chronic cigarette smoke exposure.

This study makes two new contributions to our knowledge of the effects of cigarette smoke
in the lung. The first is the demonstration of a basic biological mechanism whereby cigarette
smoke alters the process of autophagy. The second contribution addresses the clinical issue
of recurrent infections in people who smoke. Obviously, the best treatment is to stop
smoking. However, chronic obstructive pulmonary disease (COPD) is the fourth leading
cause of death in the U.S. and cigarette smoke exposure accounts for more that 80-90% of
U.S. COPD cases (60). With the understanding that there is a defect in pathogen clearance
due to altered autophagy, it is possible that pharmaceutical agents that target autophagy
could decrease smoking-related infection rates and subsequently healthcare costs.
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Figure 1.
Cigarette smoke exposure in vitro and in vivo causes an increase in numbers of
autophagosomes.
A. Alveolar macrophages were obtained from nonsmokers and smokers. Shown are
representative TEM and Wright Giemsa stains. Higher magnification TEM image shows
presence of double walled vesicles in smoker’s macrophages compared to lack of double
walled vesicles in nonsmokers cells. Greater than 70% of vesicles in smoker cells had
double membrane characteristic of autophagosomes.
B. Alveolar macrophages from nonsmokers were exposed to 2% or 5% CSE for five hours.
Whole cell lysates were obtained and Western analysis for LC3-II performed. Equal loading
is demonstrated by probing the same blot for β actin. Image is representative of 4 separate
experiments. On the right is a confocal image of human alveolar macrophages transfected
with LC3-GFP. After overnight incubation, some of the cells were exposed to 2% CSE for 5
hours. Confocal analysis was performed to identify GFP positive vesicles.
C. Alveolar macrophages from 3 nonsmokers and 3 smokers were analyzed for LC3-II by
Western analysis of whole cell proteins. Below is a graph of densitometry results.
Significance was determined using nonpaired Student’s t test. On the right is a
representative image of fixed alveolar macrophages from a nonsmoker and from a smoker
stained for LC3b.
D. Alveolar macrophages from nonsmokers and smokers were fixed shortly after isolation.
Transmission electron microscopy (TEM) samples were prepared and images obtained.
Autophagosome size was determined by analyzing area (with Image J software) of double
walled vesicles in cells with slices obtained through the middle of the cell (determined by
nucleus). Measurements were obtained from 3 nonsmokers and 3 smokers (12 vesicles each
cell, 4 cells each person) and area of vesicle obtained by drawing circles around vesicles and
performing Image j analysis. Significance was determined using nonpaired Student’s t test.
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Figure 2.
Cigarette smoke exposure blocks autophagic flux.
A. Nonsmoker alveolar macrophages were exposed to bafilomycin A (100 nM) for 5 hours.
Whole cell lysates were obtained and LC3-II quantified by Western analysis. The
densitometry graph represents 3 separate experiments. Identical experiments were
performed using leupeptin ((50 ug/ml) to inhibit lysosome function. Western anlysis and
densitometry from 3 separate experiments is shown. Significance was determined using
nonpaired Student’s t test.
B. Clearance of long lived proteins was determined by labeling nonsmoker alveolar
macrophages with 14C leucine for 8 hours. Following a chase with cold leucine, cells were
exposed to nothing (control), bafilomycin A or CSE 2%. Following an 8 hour incubation,
cells and supernatants were saved. TCA precipitation isolated proteins from both samples.
The percentage of long-lived proteins degraded in the culture period was determined using
the formula a/a+b × 100 where a equals the TCA soluble fraction of the supernatant and b
equals the TCA insoluble fraction of the cell lysate. Data was analyzed using nonpaired
Student’s t test.
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Figure 3.
Cigarette smoke blocks delivery of ubiquitin chaperone protein, p62 to the lysosome.
A. Nonsmoker alveolar macrophages were exposed to CSE at varying concentrations (0.1 to
1.0%) for 5 hours. Whole cell lysates were obtained and Western analysis performed for p62
protein. In the right panel, nonsmoker alveolar macrophages were exposed to lactacystin (10
uM) with and without CSE 2% for 5 hours.
B. Alveolar macrophages from 3 nonsmokers and 3 smokers were analyzed for hmw p62
aggregates by Western analysis of whole cell proteins. Densitometry reflects the p62
positive bands between 100 and 250 kD. Significance was determined using nonpaired
Student’s t test.
C. Hela cells were transfected with mCherry-GFP-p62. Following an overnight incubation,
cells ere exposed to 2% CSE for 5 hours. Confocal analysis was performed to identify
yellow (green and red colocalization) vesicles versus red vesicles. 12 individual cells from
each group were analyzed for red pixels versus green pixels (20 confocal slices per cell).
Quantitation is shown in the accompanying graph. Significance was determined using
nonpaired Student’s t test.
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Figure 4.
Cigarette smoke exposure results in cytosolic accumulation of protein aggregates.
Raw 264.7 cells and nonsmoker alveolar macrophages were transfected with a plasmid
encoding firefly luciferase fused to a N-terminal polyglutamine (80) repeats (polyQ80-
luciferase). Following transfection, cells were incubated overnight to allow for an
accumulation of polyQ-luciferase and then exposed to 2% CSE for 6 hours. Following CSE
exposure, cells were lysed and luciferase assayed. Data represent mean ±SEM (n=3).
Significance was determined using nonpaired Student’s t test.
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Figure 5.
Cigarette smoke exposure causes an accumulation of high molecular weight (hmw) ubiquitin
and sumo-conjugated proteins.
A. Ubiquitin analysis: The accumulation of hmw ubiquitin conjugates was assessed in
alveolar macrophages from nonsmoker’s exposed to 0.1 to 1.0% CSE for 5 hours. Western
analysis for ubiquitin was done on whole cell lysates. In the experiment shown on the right,
nonsmoker alveolar macrophages were exposed to lactacystin (10 uM) with and without 2%
CSE for 5 hours. Images are representative of three separate experiments.
B. Sumo analysis: The accumulation of hmw sumo conjugates was assessed in alveolar
macrophages from nonsmoker’s exposed to 0.1 to 1.0% CSE for 5 hours. Western analysis
for sumo 2/3 was done on whole cell lysates. In the experiment shown on the right,
nonsmoker alveolar macrophages were exposed to lactacystin (10 uM) with and without 2%
CSE for 5 hours. Images are representative of three separate experiments.
C. Ubiquitin analysis: Alveolar macrophages from 3 nonsmokers and 3 smokers were
analyzed for hmw ubiquitin conjugates by Western analysis of whole cell proteins.
Denstitometry reflects the ubiquitin positive bands between 75 and 250 kD. Significance
was determined using nonpaired Student’s t test.
D. Sumo analysis: Alveolar macrophages from 3 nonsmokers and 3 smokers were analyzed
for hmw sumo conjugates by Western analysis of whole cell proteins. Densitometry reflects
the sumo positive bands between 75 and 250 kD. Significance was determined using
nonpaired Student’s t test.
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Figure 6.
Cigarette smoke exposure results in loss of mitochondrial electron transport chain function
and accumulation of defective mitochondria.
A. Human alveolar macrophages were cultured (1×106/ml in 2 chamber microscope slides)
with and without 2-5% CSE or the uncoupler (CCCP). At the end of the incubation period,
the mitochondrial stain JC-1 was added as described in the methods. Red/orange stain
denotes intact mitochondria with no disruption of membrane potential. Green staining
denotes loss of mitΔΨ.
B. TEM was performed on smoker and nonsmoker macrophages. Shown are mitochondria
demonstrating damaged mitochondria in the smoker’s cells. Arrows in images point to intact
(nonsmoker) and damaged (smoker) mitochondrial membranes.
C. Nonsmoker and smoker macrophages were allowed to adhere to 2 chamber slides and
stained with JC-1. Quantitation was performed as described in the methods and individual
cell levels of red fluorescence from two separate experiments are shown in the line graphs
and as a composite in the bar graph.
D. Normal alveolar macrophages were cultured (96 well plate) with varying concentrations
of CSE (0.5%-2.0%). ATP levels were measured using a chemiluminescence assay system.
Data is presented as arbitrary luminescent units and is a composite of three experiments.
Significance was determined using nonpaired Student’s t test.
E. Nonsmoker and smoker alveolar macrophages were exposed the uncoupler, CCCP, for 24
hours. ATP levels with and without the uncoupler were obtained and percent remaining ATP
calculated. Data is a composite of three smokers and three nonsmokers. Significance was
determined using nonpaired Student’s t test.
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F. Nonsmoker alveolar macrophages were exposed to the specific inhibitor of vacuolar-type
H+-ATPase, bafilomycin A (100 nM) or carbon black 50 nM nanoparticles for 5 hours. ATP
levels were measured using a chemiluminescence assay system. Data is presented as
arbitrary luminescent units and is a composite of three experiments. Significance was
determined using nonpaired Student’s t test.
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Figure 7.
Cigarette smoke exposure impairs delivery of cargo to lysosomes.
A. Alveolar macrophages from nonsmokers and smokers were placed in culture. Following a
3 hour stabilizing period, cells were exposed to 0.5 micron latex beads for 60 minutes.
Nonphagocytosed beads were washed off and cells were incubated for a 2 hour chase period.
Cells were then fixed and stained for either LC3b (autophagosomes) or Lamp2 (lysosomes).
B. Alveolar macrophages from nonsmokers and smokers were placed in culture. Following a
3 hour stabilizing period, cells were exposed to 50 nM carbon black nanoparticles for 60
minutes. Nonphagocytosed nanoparticles were washed off and cells were incubated for a 2
hour chase period. Cells were then fixed and TEM analysis performed. Shown is a
representative cell demonstrating carbon black particles in double walled vesicles.
C. Alveolar macrophages from smokers and nonsmokers were cultured on a coverslip
chamber slide. Cells were exposed to AlexaFlour 488-E.coli for 30 minutes,
nonphagocytosed bacteria was washed off, a 1 hour chase incubation followed before
staining the cells with Lysotracker Red DND-99 or fixing and staining for Lamp2 with an
Alexa 568 secondary antibody. The images are representative of three separate experiments.
The photomicrographs show red lysosomes, green E. coli and yellow merged image of E.
coli in a lysosome.
D. The diagram outlines the conclusions from this study. Prolonged cigarette smoke
exposure leads to accumulation of nonfunctional autophagosomes by blocking lysosomal
trafficking. The block in autophagic flux leads to decreased clearance of protein aggregates,
mitochondrial dysfunction and reduced delivery of phagocytosed bacteria to the lysosome.
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